This document summarizes the conclusions of the Neutrino Town Meeting held at CERN in October 2018 to review the neutrino field at large with the aim of defining a strategy for accelerator-based neutrino physics in Europe. The importance of the field across its many complementary components is stressed. Recommendations are presented regarding the accelerator based neutrino physics, pertinent to the European Strategy for Particle Physics. We address in particular i) the role of CERN and its neutrino platform, ii) the importance of ancillary neutrino cross-section experiments, and iii) the capability of fixed target experiments as well as present and future high energy colliders to search for the possible manifestations of neutrino mass generation mechanisms.
Foreword
In order to prepare a contribution to the 2019-2020 Update of the European Strategy for Particle Physics (ESPP20), based on inputs by the community, and given the particular mission that it received in the 2013 edition, the CERN Neutrino Platform initiated a three-day town meeting, overviewing neutrino physics at large, but aimed at defining a strategy for accelerator-based neutrino physics in Europe. Four panels were created in advance in order to prepare input and conclusions on the key issues. The workshop aims, participation and contributions, as well as the panel membership, missions and reports can be found on the meeting page [1] . Discussions at a dedicated round table and following the panel reports took place. The participants and, the panels, and the round table members should be congratulated for the quality of the scientific discussion.
Recommendations
A. Neutrino physics is one of the most promising areas where to find answers to some of the big questions of modern physics; it covers many disciplines of physics complementing each other, and some coordination should ensure that each of these essential aspects is strongly supported. B. Neutrinos at accelerators, pertinent to ESPP, are an important component because of:
1) the search for CP violation, and the full determination of the oscillation parameters; 2) the possibility to discover heavy neutrinos or other manifestations of the mechanism for neutrino mass generation. Consequently Europe (and CERN in particular) should provide a balanced support in the world-wide LBL effort, with its two complementary experiments DUNE and T2K/HyperKamiokande ("HyperK") (and its possible extension with a detector in Korea), in both of which strong EU communities are involved, to secure the determination of oscillation parameters, aim at the discovery of CP violation and test the validity of the 3-family oscillation framework; these experiments also have an outstanding and complementary non-accelerator physics program. C. Extracting the most physics out of DUNE and HyperK will require ancillary experiments: 1) CERN should continue improving NA61/SHINE towards percent level flux determinations; 2) a study should be set-up to evaluate the possible implementation, performance and impact of a percent-level electron and muon neutrino cross-section measurement facility (based on e.g. ENUBET or NuSTORM) with conclusion in a few years; D. If, for instance, the CP phase δ CP is close to ±π/2 or of sin δ CP = 0, improved precision w.r.t. DUNE and HyperK should be considered. Studies of feasibility and performance of ESSnuSB and Protvino to Orca (P2O) should be pursued to quantify their feasibility, realistic potential and complementarity with the present program. E. Fixed target and collider experiments have significant discovery potential for heavy neutrinos and the other manifestations of the neutrino mass generation mechanisms, especially in Z and W decays. The capability to probe massive neutrino mechanisms for generating the matterantimatter asymmetry in the Universe should be a central consideration in the selection and design of future colliders. F. A strong theory effort should accompany the experimental endeavours. A specific program to improve Standard Model predictions is needed.
Introduction
The Physics of massive neutrinos attracts considerable interest by its profound potential implications on the primordial universe and its evolution, as well as its wide range of experimental methods. The bi-annual 2018 Neutrino conference gathered over 800 participants, which is not very different from the 1100 participants of the International Conference on High Energy Physics (ICHEP18). The organization of neutrino physics, however, span several domains, distributed across different organizational and support frameworks: nuclear physics; astro-particle physics; astronomy; non-accelerator and accelerator physics. The European Strategy for Particle Physics encompasses a strategy for accelerator-based neutrino physics, traditionally addressed by three type of facilities: neutrino beams, fixed target experiments, and colliders. Accelerator-based experiments in Europe have led to important discoveries in the past, from the neutral currents at the CERN PS to the determination of the number of neutrinos at LEP. In the 90's the focus shifted to the search, then the study, of neutrino oscillations. Since 2012, CERN does not host neutrino beams anymore, and the community participates in the long baseline oscillation experiments in the US and in Japan. The highlight objective is to complete the knowledge of oscillation parameters, especially to observe and study CP violation in the neutrino sector. This requires appearance experiments with knowledge of the neutrinos' CP parity -requirements that can only be met by accelerator-based experiments. European physicists are involved in significant numbers in T2K, its beam intensity upgrade, and in the HyperK project [2] ; more recently a large number of Europeans have joined the DUNE experiment in the US [3] [4] [5] .
DUNE official start was announced in summer 2017, and the University of Tokyo announced recently the start of construction of HyperK in 2020. Both experiments aim to beam data taking with the far detector around 2027. These experiments have very different techniques and experimental conditions, and the combination of the two will allow significant cross-checks of both possible sources of errors and of the oscillation paradigm, as well as a most welcome improvement in statistics. DUNE and HyperK offer far deeper complementarity than e.g. the LEP or LHC general purpose detectors. They will also be subject to systematic uncertainties that require ancillary experiments: hadron production experiments for characterizing the neutrino beams, precision studies of neutrino interactions and cross-sections, and energy reconstruction measurements. To all these efforts, which will benefit both DUNE and HyperK, CERN can make essential contributions.
Furthermore, large underground detectors (40 kton for DUNE and 190 kton for HyperK) offer great and complementary capabilities for proton decay searches, atmospheric neutrinos and supernova detection. The technological developments carried out at the neutrino platform for near or far detectors are synergetic with other fields, such as Dark Matter search experiments for the developments involving giant liquid argon cryostats [6] . Further projects beyond DUNE and HyperK (HyperK-Korea, ESSnuSB, P2O) are under study, see section 4.6 .
A unique attractive feature of neutrinos is their electric neutrality, which makes them the only known fermions that admit a Majorana mass term, i.e. a mass generation mechanism that transforms neutrinos into antineutrinos. Together with CP violation, this allows them to play a crucial role in the generation of the fermion-antifermion asymmetry of the Universe. Observation of neutrinoless double beta decay would prove fermion number violation, and Europe is at the forefront of this research [7, 8] . Neutrinoless double beta decay should receive highest priority, and a strategy should be developed for probing this process even in the case of normal neutrino mass ordering. Other observable manifestations of Majorana mass terms can arise, such as the presence of "sterile" or "right-handed" neutrinos, which might be directly produced in experiments like SHiP and the FCC (ee, hh,eh). The success of these searches would constitute a transformative breakthrough in the understanding of the mechanism of neutrino masses, opening the possibility to observe in the laboratory the mechanism by which the fermion number asymmetry of the universe is generated; this capacity should be given important consideration in choosing the next highenergy frontier facility, in the same way as the search for dark matter is a flagship goal of the LHC program. [9] .
For sin 2 θ 13 , this has already been achieved by the reactor experiments Daya Bay [10] , Reno [11] , and Double Chooz [12] . No improvement on this accuracy is expected in the foreseeable future. The current precision on sin 2 θ 12 is ∼ 4%, and that on sin 2 θ 23 is ∼ 9% [13] . The error on θ 23 , which is close to π/4, is presently large because it is measured by ν µ disappearance, but will improve rapidly as the statistics of ν µ → ν e events increases.
The absolute mass squared differences |∆m 2 21 | ≡ |m 2 2 − m 2 1 | and |∆m 2 31 | ≡ |m 2 3 − m 2 1 |, which control the oscillation lengths, are known to 3% and 1% accuracy, respectively, ∆m 2 21 is known to be positive thanks to the observation of matter effects on solar neutrinos [14, 15] , but the sign of ∆m 2 31 (commonly referred to as the "neutrino mass ordering") [16] is still unknown, although T2K [17] and NOνA [18] show a weak (2σ) preference for normal mass ordering (∆m 2 31 > 0) [13] . Observing CP violation in the lepton sector -which requires appearance experiments -would be of paramount interest as it may be related to the matter-antimatter asymmetry of the Universe. CP violation would manifest itself as a difference in the oscillation probability of ν α → ν β between neutrinos and antineutrinos. The oscillation channel available for CP violation searches is electron (anti)neutrino appearance in a muon (anti)neutrino beam: ν µ → ν e andν µ →ν e . This is currently probed by T2K and NOνA, who are already providing first glimpses of CP violation in the lepton sector. Indeed, T2K shows a preference for δ CP ∼ −π/2 and excludes the CP conserving values δ CP = 0, π at 95% CL [17] . NOνA results are compatible with these hints [18] , which are also reflected by the most recent global fits [13] .
The next 5-10 years
In the coming years, T2K and NOνA will collect more data, and if the true δ CP is close to the current global best fit, the expected results from a combined analysis of both experiments could allow for: the exclusion of CP conservation at > 3σ significance; determination of the neutrino mass ordering at 4σ significance; a precise determination of θ 23 with an uncertainty of 1.7 • (3.8%) or better; a precise measurement of ∆m 2 31 with about 1% precision. The fully funded JUNO experiment in China [19] will start in 2021. The 20 kton liquid scintillator detector located 53 km from the Nuclear power sources, will measure ∆m 2 21 and sin 2 (θ 12 ) with 0.6% and 0.7% precision, respectively. It is also sensitive to the mass ordering by observing the shorter wavelength atmospheric oscillation, and should be able to determine the sign of ∆m 2 31 with 3σ significance after 6 years of operation.
Atmospheric neutrino data are quite sensitive to matter effects. The SuperK experiment released recently an analysis of 16 years of data [20] , which prefers the normal mass ordering at > 2σ level, bringing the present world average preference over 3σ [21] [22] [23] . The neutrino telescopes KM3NeT-ORCA and PINGU (IceCube Upgrade/Gen2) can provide valuable information on the neutrino mass ordering using matter effects on 2-12 GeV atmospheric neutrinos. The expected sensitivity varies between 2σ and 6σ (after 3 years of data taking) depending on the true mass ordering and on the value of θ 23 . ORCA is now partially funded and started deploying the first few PMT lines at sea; full deployment is foreseen to be completed by 2021. PINGU is not yet financed, and deployment could take place between 2025 and 2031 [24] . ORCA, SuperK and PINGU, combined with JUNO, T2K and NOVA are likely to provide a determination of the mass hierarchy with a significance of about 5σ by the time DUNE and HyperK come online.
Future Neutrino Beams: DUNE and Hyper-Kamiokande
The next-generation long-baseline experiments DUNE [3] [4] [5] and HyperK [2] will study ν µ → ν e and ν µ →ν e oscillations to search for CP violation, precisely measure the oscillation parameters, search for new physics, and pursue a comprehensive research program using non-accelerator neutrinos. With the DUNE, HyperK, and also JUNO collaborations becoming comparable in size to collider experiments, neutrino physics has taken center stage in the US and Asia.
In the following discussion the expected performance for DUNE and HyperK is quite sensitive to the systematic error assumptions, which are different for the two projects: HyperK is based on the 2016 oscillation analysis of T2K, while DUNE assumes that errors will scale to match the statistics. For DUNE, a Fermilab-based wide-band neutrino beam peaked at 3 GeV will be detected on-axis in four 10 kton fiducial mass Liquid Argon Time Projection Chambers (LArTPC) located 1 300 km away. The beam will provide neutrino interactions primarily around the first oscillation maximum, but with a low-energy tail of interactions near the second maximum. The long baseline allows DUNE to exploit matter effects to determine the mass ordering with > 5σ significance in 7 years of operation. Matter effects dynamically generate a neutrino-antineutrino asymmetry that is larger than the maximal effect due to fundamental CP violation. On the other hand, the large matter effects remove approximate parameter degeneracies affecting the determination of the mass ordering and CP phase. After 10 years of operation, DUNE will be able to discover CP violation at 5σ (3σ) for 54% (74%) of possible δ CP values. Over the same period, δ CP can be measured with 7. HyperK will comprise a 186 kton water Cherenkov detector at a distance of 295 km, observing the narrow-band off-axis J-PARC neutrino beam. The latter is being upgraded to 1.3 MW beam power, so that the beam neutrino event rate in HyperK will be 16 times larger than T2K currently. Due to the relatively short baseline, the matter-induced neutrino-antineutrino asymmetry is only ±10%, while the maximum asymmetry from fundamental CP violation is ±30%. Given the mass ordering, HyperK will have 5σ (3σ) CP violation sensitivity for 57% (76%) of possible δ CP values after 10 years of operation. Over the same period, the phase can be measured with 7.2 • (23 • ) precision for δ CP = 0 (δ CP = π/2). HyperK itself will be able to determine the mass ordering (4σ after 10 years) by exploiting atmospheric neutrinos. HyperK can determine the octant of θ 23 with > 3σ significance for values < 42.7 • or > 47.3 • , and after 10 years of operation can achieve 1 • (0.5 • ) degree precision for the θ 23 measurements at θ 23 = 45 • (42 • or 48 • ). Over the same period, HyperK can achieve 0.6% precision in the measurement of ∆m 2 32 . HyperK utilizes established water Cherenkov detection technology, while pursuing improvements to the photodetectors. Construction of HyperK will begin in 2020, and the detector will be ready for operation in 2027. Work on the J-PARC beam power upgrade has started, and a beam power of 750 kW (1.3 MW) will be reached in 2021 (2027).
Although these experiments are located outside Europe, European scientists make up 35% of the DUNE collaboration and 48% of the HyperK collaboration.
Importance of Controlling Systematic Uncertainties
The excellent statistics available in DUNE and HyperK (e.g. ≃ 2% statistical error on the CP asymmetry) requires control of systematic uncertainties at a level that has never been done before. Mitigating the uncertainties in the neutrino flux, cross-sections, and event-by-event neutrino energy reconstruction begins with careful design of the near detector complex. Its goal is to i) measure the unoscillated event rate with target isotopes and angular and energy acceptances as similar as possible to the far detector; and to ii) provide the additional information needed for the evaluation of the far detector acceptance and resolution. Ultimately, however, this will not fully eliminate the interaction model dependence [25] . Ancillary experiments, described in Section 5, and the associated theoretical efforts, will be essential for the full exploitation of the considerable investment in the long baseline experiments.
Complementarity Between Experiments
We summarize here the synergies and the unique strengths of future neutrino oscillation experiments. JUNO is the only planned experiment offering precision measurements of the "solar" oscillation parameters ∆m 2 21 and θ 12 . Moreover, the combination of JUNO data with results from the already running T2K and NOνA experiments and from ORCA could lead to a conclusive determination of the neutrino mass ordering in time for DUNE and HyperK.
Regarding the possible discovery of leptonic CP violation and the precision measurement of the parameters δ CP , ∆m 2 31 , and θ 23 , the sensitivities of DUNE and HyperK are quite similar. Nevertheless, given the pivotal importance of systematic uncertainties in these measurements, the availability of two experiments with orthogonal choices regarding beam design, detector technology and baseline will be essential for reaching authoritative conclusions.
The complementarity between DUNE and HyperK becomes even more evident for tests of new physics scenarios: because their relative sensitivities to the standard 3-family oscillation and to non-standard scenarios, such as e.g. a new type of neutrino matter effects [26] , are different, their combination will allows to probe and characterize new physics effects more comprehensively.
Finally, DUNE and HyperK are highly complementary in their physics program beyond accelerator-based neutrinos. With their very different detector technologies, their strengths in atmospheric neutrino measurements, nucleon decay searches, supernova neutrino detection, high energy astrophysics complement each other.
Beyond DUNE and HyperK, Second Oscillation Maximum
Current and future neutrino oscillation experiments are optimized to observe oscillations at the first oscillation maximum, where CP violation in the oscillation probabilities is smaller than other terms independent of δ CP . This makes them sensitive to systematic uncertainties. Observations at the second oscillation maximum reduce this problem, the CP violation being relatively larger [27] .
The HyperK collaboration envisions a staged approach with the realization of a second HyperK detector, which could be located in Korea at a baseline of ∼ 1100 km [28] . This is an efficient and straightforwards use of the T2K neutrino beam and provides both qualitative and quantitative improvement in sensitivity which is significantly better than locating a second detector in Kamioka.
In Europe, the H2020 funded ESSnuSB [29] design study considers to use the extremely intense (5 MW) 2 GeV proton linac at the European Spallation Source (ESS) as a neutrino source, aimed at a water Cherenkov detector situated at 500 km, covering completely and exclusively the second oscillation maximum. It is estimated that ESSνSB could discover CP violation at 5σ for up to 60% of the allowed values of δ CP . The expected precision on δ CP near 0 • and 180 • is about 6 • . This study should continue to reach conclusions on feasibility, cost and performance.
A study is carried out within the ORCA collaboration to aim a neutrino beam from the accelerator laboratory in Protvino (Russia) to the ORCA neutrino telescope (P2O). The great interest is to avoid underground excavation costs, allowing potentially a much increased detector mass. More detailed studies would be of great interest, so as to understand quantitatively the possible step-wise implementation and ultimate potential of such a set-up.
Cross Sections and other Ancillary Measurements
Much of the physics output of DUNE and HyperK will be extracted from the measurement of the appearance probabilities P (ν µ → ν e ) and P (ν µ →ν e ) as functions of the (anti)neutrino energy. Irreducible uncertainties will arise from the fact that the ν µ ,ν µ ν e andν e cross-sections and their energy dependence are different, and so are the energy response functions. Ideally, measuring them would require monochromatic beams of known energy, for each of the four neutrino types.
Theoretically modelling neutrino cross-sections on nuclear targets in the 0.2 GeV to 3 GeV energy region is a formidable challenge. The interplay between different interaction mechanisms, nuclear correlations, meson exchange currents, and binding and excitation energies is in great need of more detailed investigations an measurements, also at low energy transfer and forward lepton scattering. The same is true for cross section differences between ν µ and ν e . At low energy transfers, predictions for differential cross sections are critically different for different calculations. Progress in this field requires that new and more refined theoretical models should be embedded in generators and experiment Monte-Carlos and compared with more precise data.
Hadroproduction Experiments and Beam Characterization
Long-baseline oscillation experiments will be equipped with near detectors, the primary mission of which is to ensure the normalization of event rates between the near and far location. A proper near-to-far extrapolation requires a good understanding of the phase space distribution of beam neutrinos as well as their flavour composition. This requires precise knowledge of hadron production in the target. The CERN NA61/SHINE experiment provided the data for particles produced in proton-Carbon interactions and in a replica of the T2K target, leading to a flux normalization at the level of ±5% [30] both for muon and electron neutrinos. The experiment now takes data for the NuMI beam line [31] . Further improvements are possible, using a target tracker for the replica target, by measuring cross-sections for incoming1-10 GeV hadrons, and with an upgrade of the spectrometer and its data acquisition rate. The continuation of NA61/SHINE and a continuous improvement program towards precision measurements for the DUNE and HyperK beams will be an essential contribution from European groups and from CERN.
In order to take full advantage of the available statistics in the far detectors, the near detectors of DUNE and HyperK should cover at least the same scattering angle acceptance as the far detector, and should measure as much of the events as possible, so as to provide input to the far detector simulations. The ND280 off-axis detector of T2K is being upgraded to this effect with a fine grained (1 cm) 3D scintillating detector (SFGD) surrounded by TPC trackers in a magnetic field to cover the full range of lepton scattering angle. CERN is very much involved in this project.
In the T2K set-up, the beam energy spectrum depends on the off-axis angle of the beam. In view of HyperK, an intermediate Water Cherenkov detector is being proposed in order to cover a variety of off-axis beam angles from 1-4 degrees (NUPRISM/E61). This will allow data taking with various different narrow band beams, and the linear combination of these measurements will allow for a much better characterization of the full beam than is currently possible. The DUNE near detector is under design to provide similar features, with the added difficulty of the beam being a wide-band beam; a combination of a liquid argon detector and of a fine-grained detector embedded in a magnet is now considered. A movable or separate detector able to span a range of off-axis angles is also being discussed.
Cross-section Experiments
An important function of near detector systems will be the measurement of neutrino cross-sections and neutrino energy response functions for all relevant species: ν e ,ν e , ν µ ,ν µ . A formidable challenge will arise from the fact that electron neutrinos constitute only 1% of a conventional beam. Moreover, their production reactions are somewhat more complex than those of muon neutrinos. Electron neutrino cross section measurements at the per cent level are likely to require dedicated facilities.
ENUBET is a proposed narrow band beam based on a static focusing system where ν e s are produced by the three-body semileptonic decay of kaons, and the ν e flux at the source is measured at the 1% level by monitoring large angle positrons in the decay tunnel.
NuSTORM is a muon storage ring design that relies on several decades of R&D towards future Neutrino Factories. NuSTORM offers similar and very well known fluxes of ν e ,ν e , ν µ , andν µ . On the order of one million interactions of each flavour and CP parity could be produced, with sub-per cent precision in the flux determination. The tunability of the beam momentum and the precision of the beam diagnostics make it a very attractive source. In addition, the muon capture and storage techniques developed by NuSTORM could contribute in a decisive manner to the R&D towards a Muon Collider or the Neutrino Factory proposals.
Considerable interest was expressed in a dedicated cross-section facility (ENUBET, NuSTORM, or other) which could improve significantly the final precision achievable with DUNE and HyperK. Conceptual Studies should be supported, with the aim to understand the implementation, detector set-up and the comparative physics impact, leading to a conclusion within a few years.
Beyond the Standard Three-Flavor Framework

Light Sterile Neutrinos
Light sterile neutrinos with masses ≤ 100 eV could participate in neutrino oscillations. A number of 3σ anomalies observed in short-baseline oscillation experiments has been interpreted in this context. This is the case for an excess of events with electromagnetic showers observed in muon (anti)neutrino beams by LSND [32] and MiniBooNE [33] , and for theν e deficit observed in reactors experiments [34] or using intense radioactive sources [35, 36] . All these anomalies could have explanations within the SM, but, fault of having a near detector or other way to verify the oscillatory behaviour, no specific source of error has been clearly identified for any of them. Although the data point towards roughly the same parameter region when interpreted in terms of sterile neutrinos, global fits show that a consistent interpretation of all anomalies in this framework is not possible [37] [38] [39] [40] . More specifically, explaining the short baseline ν µ → ν e oscillations in LSND and MiniBooNE necessitates sterile neutrino mixing with muon neutrinos. This has been searched for in a number of experiments, most recently in MINOS/MINOS+ and IceCube; these experiments strongly disfavour at more than 4σ confidence level the sterile neutrino interpretation of LSND and MiniBooNE. The simplest sterile neutrino models are also excluded by cosmology [41] , but numerous theoretical proposals exist for circumventing these constraints, see e.g. [42] [43] [44] [45] [46] .
In view of this unsatisfactory situation, a comprehensive global program is under way to study the dependence of the anomalies on distance and energy. The goal is to either conclusively prove an oscillation origin for the observed anomalies or to identify sources of error that can explain them. Many proposed or running experiments are situated close to nuclear reactors. For what concerns accelerators, the Fermilab short-baseline program at the Booster beam [47] uses liquid argon detectors, MicroBooNE (currently running), ICARUS-T600 (start of operation 2019), and SBND (start of operation in 2020). Spanning a distance from 100 m to 600 km, these experiments will test the 99% parameter regions favored by MiniBooNE and LSND at better than 3σ, and the (smaller) parameter region favored by global fits at 5σ. Importantly, liquid argon detectors can distinguish single electrons/positrons (oscillation signal) from photons (background from neutral currents in particular) thus testing one of the leading SM explanations of the MiniBooNE anomaly. The JSNS 2 experiment at the J-PARC Spallation Neutron Source will use neutrinos from pion decays at rest to verify LSND, which employed a similar source; it expects results in 2021.
Heavy Right-Handed Neutrinos at Fixed Target Experiments
Sterile (or "right-handed") neutrinos are a very common prediction of neutrino mass (seesaw) models, but their masses can lie in a very broad range from eV to more than 10 10 GeV. Masses at the Electroweak scale (0.1-100 GeV) are of particular experimental and theoretical interest. In the range between 100 MeV and a few GeV, they can be produced in weak decays of K, D and B mesons; the small expected mixing angles with the light neutrinos lead to cm to km long decay lengths. High intensity production coupled with a large decay volume is necessary. A beam dump mode of NA62 at CERN is proposed to start investigating the open space from D decays [48, 49] .
The SHiP collaboration proposes to exploit the high energy SPS beam impinging on a beam dump, with a detector of total length of about 50 m, much of it being a decay volume for long lived neutral particles. The experiment expects to improve current limits on right-handed neutrinos by four orders of magnitude, and will cover a significant fraction of the interesting parameter space as guided by cosmology and astrophysics; it will thus have a major impact on the field.
Other beam dumps that can be explored for this search are the ones used for creating neutrino beams. For instance, the POT delivered to the DUNE/LBNF target will be considerably larger (albeit at lower energy) than the one foreseen for SHiP, and the near detectors can be used to search for right-handed neutrino decay signatures. The DUNE and HyperK near detectors are, however, not optimized for such searches, and the corresponding sensitivity still has to be evaluated. Also the recent proposal for a large volume surface detector close to an LHC experiment, named MATHUSLA, has sensitivity to weakly interacting long-lived neutral particles, and can cover a similar region of parameter space compared to SHiP. Quantitative on par comparisons between these different options are required, but there is clearly an excellent experimental potential for the hunt of low mass right-handed sterile neutrinos in the next 10 years.
Opportunities at Colliders
High luminosity hadron and lepton colliders are copious sources of neutrinos via decays of heavy flavor particles and of W and Z bosons, with W and Z decays covering a larger mass range. The mixing of right-handed neutrinos with the three light neutrino spieces may enable their production and decay at colliders. At the LHC, the W production channel has been studied for heavy neutrino production and has led to new limits in the mass-mixing plane. The BELLE II project will cover up to the B mass, and the HL-LHC will cover a competitive search region in the neutrino mass range from 5 GeV up to the W mass.
The FCC-ee project is particularly favourable for the search for right handed neutrinos in this mass range, owing to the very high luminosity achievable at the Z pole, leading to the production of several 10 12 Z-bosons. This will allow it to observe heavy neutrino decays down to a squared mixing angle of 10 −11 , a region of the mass-mixing plane that can generate a baryon asymmetry of the Universe. Precision measurements of processes involving neutrinos (Z and Higgs invisible widths, tau and W mass, lifetime and branching ratios), can provide indirect evidence for neutrino mixing with heavy states, down to mixing of about 10 −5 , but over a much broader mass range.
Other neutrino mass models such as the type II and III seesaws or left-right symmetric models involving heavy mediators can be detected via lepton number violating signals [50, 51] . These results might guide the design of detectors of the 100 TeV FCC-hh, which, with several orders of magnitude more W s than LHC, allowing tagging of flavour and charge both at production and decay of a heavy neutrino, is sensitive to both lepton flavour and fermion number violation.
Neutrinos and the Universe
Capacities at Future Neutrino Facilities
Large-scale neutrino detectors DUNE and HyperK (and JUNO for reactors) are multi-purpose observatories. While physics using neutrino beams is certainly at the center of their research program, their true potential only becomes evident when also considering non-accelerator-based data samples, and the combination of the latter with the former [2, 3] . We have already discussed the ability to determine the mass ordering with atmospheric neutrinos. Furthermore, thanks to the broad energy and baseline range covered by atmospheric neutrinos, they will significantly enhance DUNE's and HyperK's ability to test the three family oscillation paradigm.
When the next galactic supernova explodes, SuperK, JUNO, DUNE, and HyperK are expected to record thousands of neutrino interactions within a few seconds. These data will allow for unprecedented insights into the inner workings of a supernova explosion and the formation of the heavy elements necessary for life as we know it. Here, the complementarity is particularly important: while HyperK will provide a precise, time-resolved measurement of theν e flux, DUNE will do the same for the ν e flux [52, 53] . HyperK is also sensitive to supernovae in nearby galaxies. Further complementarity exists with neutrino telescopes (IceCube, KM3NeT).
JUNO, DUNE, and HyperK are also sensitive to nucleon decay, a hallmark signature of Grand Unified Theories (GUTs). Once again, complementarity is at work: HyperK dominates the sensitivity up to proton lifetime over 10 35 years to p + → e + π 0 (mediated for instance by GUT-scale gauge bosons) thanks to its larger mass [54] . JUNO, DUNE and HyperK offers sensitivity to p → K + ν (mediated for instance by GUT-scale scalars and the superpartners of the light quarks), up to 10 34 years lifetime; DUNE and JUNO being able to directly identify kaons.
Relevance of Non-Accelerator Probes
The accelerator-based research opportunities that this report is about should be viewed also in context of the active non-accelerator-based program in neutrino physics. Experiments pushing the frontiers of low-background physics to search for neutrinoless double beta decay (0ν2β decay [55] ) can discover fermion number violation due to the presence of a neutrino Majorana mass term, a prerequisite for explanations of the baryon asymmetry of the Universe and for the seesaw mechanism, which is the leading explanation for the smallness of neutrino masses. The discovery potential is further enhanced in well-motivated extensions of the minimal scenario, such as leftright symmetric models or models with GeV-scale right-handed neutrinos. Among the various experiments worldwide searching for neutrino-less double-beta decay, European experiments such as GERDA (focusing on germanium), CUORE (tellurium) and NEXT (xenon) are some of the most competitive or promising ones [56] . The discovery potential of 0ν2β decay searches, and the long term strategy for it [7] , depend strongly on the determination of the neutrino mass ordering, in which neutrino beam experiments are playing an important role. 0ν2β decay searches can also provide information on the absolute neutrino mass scale, a quantity that oscillations are insensitive to. The least model-dependent measurement of this quantity can be obtained using direct kinematic methods, an effort that is currently led by the tritium-based KATRIN experiment, with an alternative method using Ho-163 being explored by the ECHO and Holmes collaborations. The target sensitivity of these experiments is ∼ 0.2 eV. Probing even lower masses is the goal of possible future upgrades of KATRIN and of Project 8, which aims to precisely measure the tritium endpoint spectrum by observing the synchrotron radiation emitted by electrons in a magnetic field. Complementary to these laboratory probes, cosmology offers superior indirect sensitivity to neutrino masses. Under the assumption that the ΛCDM model of cosmology is correct, next generation CMB observatories will begin to probe masses down to ∼ 0.05 eV, the minimum allowed value inferred from oscillation data.
The emerging field of neutrino astronomy relies on the results of accelerator-based experiments, for instance for determining neutrino cross sections and oscillation parameters, and offers complementary discovery opportunities, in particular in the search for new physics, and in significantly advancing our understanding of cosmic particle accelerators.
Role of CERN and the Neutrino Platform
In 2014, as a response to the recommendations of the 2013 European Strategy Group Report, the Neutrino Platform was established at CERN. The current aim of the Platform is to make essential contributions to the R&D phase of future experiments in the short and medium term, and to give coherence to a diverse European neutrino community. The platform provides the community with a test beam infrastructure. It allows for bringing R&D to the level of technology demonstrators in view of major construction activities. The platform supports the short and long baseline activities for infrastructure and detectors. It acts on demand, using a MOU framework for its activities. The CERN SPSC is the supervising body for the Neutrino Platform: proposals and expressions of interest are submitted for evaluation to this committee. Given a positive review, a recommendation to the CERN Research Board is made for approval and for further project details. In conjunction with the CERN Neutrino Platform, CERN reinstated an experimental neutrino group to participate in the world-wide accelerator based neutrino experiments and ancillary experiments. This is the first CERN group having a mandate to participate in off-site experiments.
The Platform acts on direct requests from the community to support way new R&D proposals (hardware and/or software) and to bring in synergies between the neutrino and the LHC community on specific technologies, such as DAQ, computing, electronics. The Platform supports large new projects with the necessary infrastructure available only in big laboratories. The community can also benefit from the collaborative experience that have been developed for the LHC.
An example is the LArTPC (time projection chambers) technology that emerged as the solution to be adopted in both short and long baseline experiments in the US. Two large (700 ton) LArTPC prototypes for the DUNE far detector have been constructed and completed in 2018, and one of them -the one based on single phase technology -was used to record millions of charged particle interactions on argon in fall 2018. New projects being studied include the new detector technologies proposed for near detectors for both T2K and DUNE.
The Neutrino Platform aims in particular at assisting the European community for focusing on common R&D projects. The European neutrino community strongly supported the advent of the Neutrino Platform in these last years, and expressed a strong wish to see it balancing support for projects that are planned both in the eastern and the western part of the world.
There was also a strong interest expressed from the broader neutrino community to collaborate with CERN for non-accelerator neutrino projects. Future experiments, e.g. on the neutrino mass determination, WIMP dark matter or neutrino-less double beta decay searches will see both detectors and collaborations increase in size, and will be pushing technologies further to the limit. For many developments (e.g. cryogenics, magnets), CERN's expertise would be a strong asset.
Strong theory support, in which European groups play a leading role, is essential for the success of the future accelerator-based neutrino program, and should be maintained. In the planning stage, theoretical studies are needed to evaluate the scope and physics potential of different detector and beam options. During data taking, the theoretical interpretation and combination of experimental results is of vital interest. In neutrino physics, a special role has always been played by global fits [21-23, 37, 38, 40] , which often provide the first hints of new effects. At all stages, precise theoretical predictions of neutrino interactions, implemented in versatile simulation tools, are indispensable. We therefore recommend a stronger involvement of CERN in theoretical studies, in the same way as CERN's LHC program is accompanied by one of the most visible theory groups in the world.
